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(54) Higfi eff ideny tandem solar cells and operating method 



(57) A photovoltaic device uses a spectrally selec- 
tive photon partitioner such as a reflector (14) to parti- 
tion Incoming light (10) which is directed towards 
different solar cells (16, 18), depending upon its energy. 
Solar cells (16. 18) having low and high energy band 
gaps are used, in which low energy photons are imaged 
towards that cell (18) having the lower energy band gap, 
whereas high energy photons are imaged towards the 



higher energy band gap cell* (16). By more directly imag- 
ing photons towards those cells (16, 18) in which they 
are converted to electrlcrty, absorption losses due to 
free can^iers in the semiconductor layers (30. 32, 36, 38) 
are reduced. The spectrally selective photon partitioner 
(14) allows semiconductor layers (30. 32. 36. 38) having 
different lattice spacings to be optically coupled. 
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Description 

BACKGRQUNH OF THE INVENTION 

pifldofihe Invention 

This invention relates to solar cells, and more spe- 
cifically to tandem solar cells that efficiently convert 
solar radiation into electrical energy. 

Description o f the Related Art 

Solar cells are photovoltaic devices tfiat use semi- 
conductors to convert photons Into electrical energy. In 
a semicondutor. a conduction band and a valence band 
are separated by an energy gap Eg that varies with 
material composition and temperature. When a photon 
is absorbed by a semiconductor, an electron is pro- 
moted from the valence band into the conduction band, 
thereby creating a hole in the valence band. Since a 
hole represents the absence of an electron, it can be 
regarded as a positive charge carrier. When donor or n- 
type impurities (which increase the number of electrons 
available to carry current) are added to one side of a 
semiconductor crystal and acceptor or p-type impurities 
(which increase the number of hdes) to the other, a p-n 
junction is formed that permits current f bw in one direc- 
tion but restrains it in the opposite direction. Thus, p-n 
junctions are ideal lor converting solar racfiation into 
electricity. 

A photon of wavelength X (as measured in a vac- 
uum) and frequency v has an energy hv=hc/X, and Is 
generally absorbed by a semiconductor when hv ^ Eg. 
However, any extra energy In the proton (hv - Eg) is con- 
verted into thermal rather than electrical energy, since 
only one electron-hole pair can be created for each 
absorption event. On the other hand, a semiconductor 
is more transparent to wavelengths corresponding to 
energies less than Eg, since in this case the photons are 
not energetic enough to promote electrons from the 
valence band into the conduction band. Thus, no single 
semiconducting material can convert the entire solar 
spectrum into electrical energy, since the most ener- 
getic photons produce largely thermal energy and are 
therefore inefficiently utilized, while the least energetic 
photons cannot be absorbed. 

By cascading the p-n junctions of different materi- 
als, however, the overall conversion efficiency can be 
improved. In so-called ''tandem*' solar cells, a top cell 
having a p-n junction of a high energy band gap semi- 
conductor intercepts the nx>st energetic photons. Lower 
energy photons pass through the top cell t>6fbre they 
enter another cell having a p-n junction of a lower 
energy band gap semiconductor. In this way. an addi- 
tional portion of the solar spectrum is used. In tandem 
solar cells, tunnel junctions are often used to connect p- 
n junctions, so that current can pass from one cell to the 
next. However, in a monolithic stnicture, the various lay- 



ers must have thermal properties and lattice spacings 
which are compatit}le with each other. Otherwise, inter- 
nal strains will be introduced during the epitaxiat growth 
process, resulting in defects which will then propagate 

5 throughout the entire structure. 

An example of a tandem sdar cell is the 
GalnP/GaAs dual junction cell grown on a GaAs sub- 
strate, which is described by S. Kurtz et al. in "19.6% 
Electron-Irradiated GalnP/GaAs Cells," Proceedings of 

10 1 St WCPEC (World Conference on Photovoltaic Energy 
Conversion), pp. 2108-2111, 1994. This tandem solar 
cell produced 19.6% conversion efficiency of the air 
mass zero (AMO) solar spectrum, which is the pure 
solar spectrum with no atmospheric absorption. 

75 OalnP/QaAs cells have also been grown on Qe sub- 
strates, as reported by RK. Chiang in "Large Area 
GalnPa/GaAs/Ge Muftijunction Solar Cells for space 
Applications," Proceedings of 1st WCPEC, pp. 2120- 
2123, 1994. Chiang et al. predict the conversion effi- 

so dency to be slightly better when the Ge is active (i.e., 
the Ge and GaAs layers form a third junction), than in 
the dual junction case in which the Ge is inactive and 
acts simply as a mechanical platform (26.5 vs. 24.2 % 
for AMO at 28 ''C). This is so because the additional 

25 active layer results in more efficient use of the solar 
spectrum. 

GalnAsP and GalnAs individually are better con- 
verters of the IR than Ge, as indicated by M. W. Wanlass 
et al. in "Development of High-Perfbrmance GalnAsP 

30 Solar Cells for Tandem Solar Cell Applications," Pro- 
ceedings of the 21st IEEE Photovoltaic Specialists Con- 
ference, pp. 172-178. 1990. However. GalnAsP and 
GalnAs have lattice spacings bite different from Ge, so 
that it is not possible to construct a monolithic structure 

35 by simply epitaxially depositing one layer on top of 
another. Semiconductors having different lattice struc- 
tures can be connected, however, by using transparent 
adhesive layers to connect semiconductor layers both 
mechanically and optically. (See. for example. J.C.C. 

40 Fan et al.. "Optimal Design of High-Efficiency Tandem 
Cells." Proceedings of the leth IEEE Photovoltaic Spe- 
cialists Conference, pp. 692-704, 1982.) In this case, 
the cells must be connected with metallic parts such as 
wires or a metallic grid, rather than with tunnel junctions. 

45 However, there are intrinsic absorption losses associ- 
ated with this approach. First, there are always some 
losses In any "transparent" adhesive layer, but more 
importantly, there are losses in semiconductors due to 
excess holes and electrons known as free canrier 

so absorption. 

A photovoltaic device which optically joins different 
semiconductor layers without using a transparent adhe- 
sive layer is described in US. Patent 4,328,389 to Stem 
et al. In this approach, a first broadt^and reflector con- 

55 centrates sunlight on a high energy t>and gap photo- 
voltaic array that converts high energy photons into 
electricity. A second broadband reflector is positioned 
behind the first anray and reflects and concentrates light 
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that is not absorbed in the first arrs^ back through It 
towards a second photovoltaic anray which has a low 
energy band gap and converts low energy photons Into 
electricity In this approach, however, low energy pho- 
tons must pass through the first an-ay twice before they 5 
reach the second array, resulting in absorption losses 
which can be significant if the density of free carriers in 
the first array is high. Thus, there Is still a need for a tan- 
dem solar cell that reduces losses due to free carrier 
absorption. Further, the device of Stern et al. is only ic 
designed for use with solar concentrator systems and 
specifically avoids spectrally selective reflectors. 

SUMMARY OF THE INVgNITinM 

13 

The present invention is a high efficiency photo- 
voltak; device in which photons are directed towards dif- 
ferent solar cells depending upon their wavelength. 
Absorption losses are reduced since photons are 
imaged towards those semiconductor layers that con- 20 
vert them Into electricity. 

The invention includes prefsrably two solar cells 
which have different effective band gaps and are 
designed to efPicientiy convert either high or low energy 
photons into electricity A spectrally selective reflector is 25 
placed between incoming photons and one of the two 
solar cells, designated as the first solar ceil, and is pref- 
erably applied directly as a coating to the first solar cell 
or to a layer of substantially transparent glass which Is 
joined to the first solar cell by an adhesive. The spec- 30 
trally selective reflector transmits photons with the 
proper energy into the first solar cell, while reflecting 
photons that can be eff identiy converted by tiie second 
solar cell towards that cell. In tiiis way. high and low 
energy photons are imaged directly towards solar cells 3S 
having high and low energy effective band gaps, 
respectively. This results in a higher overall solar enei^y 
to electrical energy conversion efficiency, since low 
energy photons do not pass through layers of high band 
gap semiconductor material where ttiey might be 40 
at>sorbed. Furtiiermore, it Is not necessary to use adhe- 
sive layers to connect semioonductor layers having dif- 
ferent lattice constants, as is the case in many tandem 
cell configurations. 

One advantage of the invention is that it allows low 45 
cost substrates to be used, since a single monolithic 
structure incorporating botti high and low energy band 
gap materials is not required. For example, Ge can be 
used as the substi-ate for a high energy band gap 
GalnP/GaAs cell rattier than costiy low doped QaAs. 
which would ottienwise be required In a stacked 
approach to reduce IR absorption. GalnAsP or Galn- 
AsP/GalnAs can be used as ttie low band gap material, 
with InP used as ttie substi-ate. Ge or Si may also be 
used in a "lattice mismatched" configuration. 

In one embocfiment the solar cells and ttie spec- 
trally selective reflector are combined wHh a substan- 
tially flat broadband minror ttiat faces the radiation 



source and images incoming photons towards the spec- 
trally selective reflector. This configuration allows for 
greater radiation shiekiing of ttie invention, which Is 
important in space where solar cells can encounter a 
variety of high energy particles that cause degradation 
in power output over the operating life of a satellite. Fur- 
ttier, ttie modular design of ttie Invention allows rt to be 
compactiy stowed for launch and tiien deployed in 
space. The invention may be Integrated In elttier space 
or on the ground with a solar concenttator system for 
focusing solar radiation. 

Further features and advantages of ttie invention 
will be apparent to those skilled In ttie art from the fol- 
lowing detailed description, taken together with the 
accompanying drawings. 

DESCRIPTION OFTHg PRAWiMri.Q 

FIG. 1 is an lllusfralive sectional view of one 
embodiment of the invention In whk;h a spectrally 
selective reflector is used to partition incoming light 
rays between two solar cells; and 
FIG. 2 is an illustrative sectional view of another 
embodiment of the invention which includes a 
broadband mirror that directs incoming light rays 
towards the spectially selective reflector. 

DETAILED DESCRIPTinM O F THE IMVFMTIQN 

As shown in the accompanying drawings, ttie 
present invention is a photovoltaic devk;e that uses a 
spectrally selective photon partrtioner such as a spec- 
trally selective r^lector for imaging photons towards dif- 
ferent solar cells, depending upon tiieir energy. Photon, 
partitioners other ttian spectrally selective reflectors can 
be used to separate photons by energy (such as prisms 
and diffraction gratings), with solar cells being posi- 
tioned to receive light accordingly Incident sunlight, or 
more generally, photons, are represented in FIG. 1 by 
incoming light rays 10. The term light is used broadly 
herein to encompass both visible and invisible electro- 
magnetic radiatfon. A solar concentrator system 12 is 
represented schematically by lenses and can be used 
to cdlect sunlight from a wide area and direct it (colli- 
mate and/or focus it) towards a spectrally selective 
reflector 14 ttiat overlies a solar cell 16. In general, solar 
concentrators extend over a much wkler area than ttie 
solar cells to which they image light. The spectrally 
selective reflector 14 is oriented preforably at 45 
degrees to ttie sun and transmits ttiose photons ttiat 
can be converted into electricity by solar cell 16 whHe 
reflecting other photons towards another solar cell 18. 
Solar cells 16 and 18 overlie respective backplates 20 
and 21 and can be indivdually sized and series con- 
nected to buikJ desired cell circuits. 

If solar cells 16 and 18 have high and low effective 
band gaps, respectively, ttien solar cell 16 will efficientiy 
convert high energy photons while solar cell 18 effi- 



3 



BNSDOCID: <EP ^0848432A2_L> 



5 



EPO 848432 A2 



6 



ciently converts low energy photons. In this case, the 
spectrally selective reflector 14 transmits high energy 
photons into solar cell 16 while reflecting low energy 
photons tOMvards solar cell 18. Alternatively, solar cells 
1 6 and 1 8 can be designed Ibr low and high energy pho- 
tons, respectively, in which case the spectrally selective 
reflector 14 transmits low energy photons while reflect- 
ing high energy photons towards solar cell 18. More 
precisely, the spectrally selective reflector 14 partitions 
photons such that photons with energies lying between 
the effective band gaps of solar cells 16 and 18 are 
imaged towards that solar cell that has the smaller 
effective band gap. whereas photons that are more 
energetic than either of the two band gaps are imaged 
towards that celt having the larger effective band gap. 
This partitioning of the photons efficiently converts the 
energy of the photons into electricity. Where photons 
with energies below the band gaps of both cells are 
imaged is not of immediate interest, since they cannot 
be converted into electricity in either cell. 

Solar cells 16 and 18 may comprise a variety of 
materials formed by different techniques including 
molecular beam epitaxy and diffusion. Cutaways in FIG. 
1 show in greater detail how solar cells 1 6 and 1 8, spec- 
trally selective reflector 14 and backplates 20 and 21 
are preferably constructed and their relationship to each 
other. Solar cell 16 is shown here as the high energy 
band gap cell which preferably comprises 5 micron thick 
layers off QalnP 30 and GaAs 32 grown on a substrate 
34 that is preferably 170 micron thick Ge. Since GalnP 
and GaAs have band gaps of 1.85 eV and 1.45 eV. 
respectively, photons having wavelengths (as measured 
in vacuum) shorter than 0.67 microns are absorbed in 
the GalnP layer 30, whereas the GaAs layer 32 will pro- 
duce electricity from photons passing through the 
GalnP layer 30 which have wavelengths between 0.67 
and 0.89 microns. With this choice of semtoonductors. 
solar cell 16 has an effective band gap defined by the 
GaAs layer 32, i.e. 1 .45 eV. so that solar cell 1 6 converts 
photons having vacuum wavelengths less than 0.89 
microns. 

The low energy band gap cell is shown here as 
solar cell 18 and preferably includes 3-5 micron thick 
layers of GalnAsP 36 and alternatively GalnAs 38 as 
well grown on a substrate 40 that is preferably 350 
micron thick InP. GalnAsP and GalnAs have band gaps 
of 1 .03 and 0.74 eV. respectively, so that cell 1 8 has an 
effective band gap of 0.74 eV That is, photons having 
wavelengths less than 1 .3 microns will be absorbed in 
the GalnAsP layer 36, whereas the GalnAs layer 38 will 
produce electricity only from photons falling in the wave- 
length range between 1.3 and 1.7 miaons. Photons 
having wavelengths longer than 1 .7 miaons cannot pro- 
duce electron-hole pairs in GalnAs. since they are not 
energetic enough to promote an electron from the con- 
duction band to the valence band. Other semiconductor 
materials can be used as low band gap materials, such 
as GaSb, Si. CulnGaSe and GaAs. whereas substrate 



40 may also comprise materials such as Si or Ge. A 
substantially transparent glass layer 41 can be placed 
on top of the active semiconductor materials of solar cell 
18 (or cell 16) to protect it from cosmic radiation. An 
5 anti-reflectton coating 42 for reducing infrared reflection 
may be applied to one or both sides of glass layer 41 or. 
when glass layer 41 is not used, directly onto the Galn- 
AsP layer 36. 

For the choice of semiconductor materials indicated 
10 in FIG. 1. the spectrally selective reflector 14 is 
designed to generally transmit photons having wave- 
lengths less than 0.89 microns into solar cell 16. but 
generally reflect photons between 0.89 and 1.7 microns 
towards solar cell 18. The spectrally selective reflector 
IS 14 preferably includes a spectrally selective coating 43 
applied to a substantially transparent glass layer 44 that 
in turn is bonded to the solar cell 16 with an optically 
transparent adhesive such as Dow Corning Inc. type 
93-500. Coating 43 may also be applied directly to solar 
20 cell 1 6. however, and may be a multilayer coating com- 
prising a series of TiOg and SiOa layers. Alternatively, it 
may be a single layer with a spatially varying refractive 
index. The spectrally selective reflector 14 permits pho- 
tons to l>e more directly imaged towards those semicon- 
25 ductor layers in whkdi they generate electricity than do 
tandem cells in which transparent adhesive layers are 
used to join the semiconductor layers. This approach 
sufc>stantially reduces absorption of the incident sunlight 
by free carriers, thereby increasing the overall solar to 
30 electrical energy conversion efficiency. Furthernwre, it 
permits low cost Ge to be used as the substrate 34 for 
the GalnP and GaAs layers 30 and 32, rather than the 
more expensive GaAs, which would othenwise be 
required because of its better transmission properties in 
35 the infrared. 

Backplates 20 and 21 provide a mechanical plat- 
form for solar cells 16 and 18. For space applications, 
the backplates 20 and 21 are preferat)ly 250-500 micron 
thick graphite epoxy or metal such as copper, since 
40 these materials are relatively light-weight, rigid, and are 
effective absorbers of cosmic radiation. Solar cell 16. 
spectrally selective reflector 14 and backpiate 20 form a 
solar panel 48, whereas solar cell 18 and backpiate 21 
fbrm a solar panel 50. For space applications, the solar 
45 panels 48 and 50 can be mounted with hinges, brackets 
or other support structures (not shown in FIG. 1) to a 
f&cesheet 52 that Is preferably 100-500 micron thick 
Kevlar™ or aluminum. The facesheet 52 can in turn be 
secured, for example, to an aluminum honeycomb 
so structure like that commonly used to support solar pan- 
els in space. 

Additional spectrally selective reflectors can be 
used to further subdivkie incoming radiation among 
even more solar cells. For example, panel 50 could 
55 include a spectrally selective reflector that reflects light 
between 1.3 and 1.7 microns while transmitting light 
behfveen 0.89 and 1.3 microns. In this case, GalnAs 
layer 38 wouU not be part of panel 50 but wouU form Hs 
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own panel, and panel 50 would be oriented so that light 
between 1.3 and 1.7 microns would be reflected onto 
this QalnAs-oontaining panel. 

FIG. 2 shows an array of pairs of sdar panels 48 
and 50, in which each pair of panels Is used in conjunc- 
tion with a mirror 60 that is preferably oriented at 45 
degrees to incident sunlight. The mirrors 60 are prefera- 
bly substantially flat broadband r^lectors that reflect 
those photons ttiat can be converted into electricity. Alu- 
minized Mylar bonded to a stpporting medium or pol- 
ished aluminum by Itself can be used for this purpose. 
An optional solar concentrator system 12* is repre- 
sented schematically by lenses and can be used to col- 
lect sunlight from a wide area and direct it (collimate 
and/or focus it) towards the mirrors 60. System 12' pref- 
erably extends over a much larger area than that repre- 
sented by ttie panels 48 and 50. Light rays 10* are 
reflected by minors 60 towards solar panels 48. which 
include solar cells 16 and spectrally selective reflectors 
14, as shown in FIG. 1. As in FIG. 1. tiie spectrally 
selective reflectors 14 redirect those photons that can 
be efficierrtJy converted by sdar cells 18 towards solar 
panels 50. Solar panels 48 and 50 and mirrors 60 are 
preferably arranged in a close packing configuration as 
shown in FIG. 2, in which panels 48 and mirrors 60 
adjoin but face away from each ottier. and have approx- 
imately the same lengtfi. Solar panels 50. on ttie other 
hand, are preferably oriented perpendicular to light rays 
10*. and collect ttie photon flux reflected from ttie spec- 
trally selective reflectors 1 4. As in FIG. 1 , a facesheet 53 
(that is like Its counterpart 52) can be used to support 
solar panels 48 and 50 and mirrors 60. By attaching 
hinges (not shown) between ttie facesheet 53 and each 
solar panel 48/mirror 60 pair, tfie solar panels 48 and 
minors 60 can be permitted to rest on the solar panels 
50 during storage, and then raised prior to use witti ten- 
sioning cords (not shown) that are also attached to the 
facesheet 53 and the solar panels 48 and mirrors 60. 
This is an important advantage for extra-terrestrial 
applications. In which efficient use of space is critical. 
This emtKxIiment can also be used in conjunction with a 
solar concentrator system ttiat collects photons over a 
wkie area and focuses ttiem towards the mirrors 60. 

An advantage of ttie configuration illustrated in FIG. 
2 is ttiat the solar ceils can be better shielded from cos- 
mic radiation that would othenwise damage ttiem. As 
long as mirrors 60 are oriented towvards ttie sun. cosmic 
radiation emanating from ttie sun must pass through 
one of the mirrors 60 as well as one of the backplates 20 
and one of the substrates 34 in solar panel 48 (shown in 
FIG. 1) b^ore reaching active semiconductor layers. 
This reduces the need for glass to form a radiation 
shield, which is heavy and yellows in time as it absortjs 
radiation, leading to reduced transmission. Neverthe- 
less, glass layers such as layer 41 can still be used 
desired to shiekl the active semiconductor layers of 
solar cells 16 and 18 from cosmic radiation tiiat propa 
gates at an oblique angle witti respect to light rays 10*. 
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While particular embodiments of the inventten have 
been shown and described, numerous variations and 
alternate embodiments will occur to ttiose skilled in the 
art. Accordingly, it is intended ttiat ttie invention be lim- 
ited only in terms of ttie appended claims. 

Claims 

1. A spectrum-partitioning photovoltaic device, char- 
acterized by: 

- first (16) and secorel (18) solar cells for con- 
verting photons (10) into electrical energy, said 
solar cells (16. 18) having different effective 
band gaps; and 

- a spectrally selective photon partitioner (1 4, 43, 
44) positioned to receive Incoming photons 
(10) and to direct photons (10) with energies 
between saki effective t>and gaps towards that 
solar cell (18) having tiie smaller effective band 
gap and photons (10) more energetic than 
either of said effective band gaps towaixis that 
cell (16) having the larger effective band gap. 

2. The photovoltaic device of daim 1 , characterized in 
ttiat sakj photon partitioner (14. 43. 44) comprises a 
specttally selective reflector (14) tfiat reflects pho- 
tons (10) onto one of sakf solar cells (18) and trans- 
mits photons (10) onto the ottier of said sdar cells 
(16). 

3. The photovoltaic device of daim 2, characterized in 
ttiat said specttally selective reflector (14) com- 
prises a specttally selective coating (43) on said 
first solar cell (16). 

I. The photovoltaic device of any of daims 1 - 3, char- 
acterized in that said second solar cell (18) indudes 
an anti-reflection coating (42) ttiat enhances trans- 
mission of photons (10) onto it. 

I. The photovoltaic device of any of daims 1 - 4, char- 
acterized In ttiat sakJ cell (16) having the larger 
effective band gap indudes GalnP (30) and GaAs 
(32) on a Ge substtate (34), and ttiat sakJ cell (18) 
having ttie smaller effective band gap indudes one 
or more semiconductor materials selected from ttie 
group consisting of GalnAsP (36). GalnAs (38). 
GaSb. Si and CulnGaSe formed on a substrate (40) 
selected from tiie group of materials consisting of 
InP. Si and Ge. 

. The photovoltaic device of any of daims 1 - 5, char- 
acterized by a solar concenfrator system (12. 12') 
for collecting sakl incoming photons (10. 10") and 
directing ttiem towards sad spectrally selective 
photon partitioner (14; 48). 



5 



BNSDOCID: <EP ^0848432A2_L> 



9 



EP0848432 A2 



7. The photovoltaic device of any of claims 1 - 6, char- 
acterized by a mirror (60) that directs said incoming 
photons (10*) towards said spectrally selective pho- 
ton partitioner (48). 

5 

8. The photovoltaic device of any of claims 1 - 7. char- 
acterized by a backplate (20) that adjoins said first 
solar cell (16), said first solar cell (16) being ori- 
ented so that said backplate (20) protects it against 
cosmic radiation. 

9. A method of generating electricity by photovoltaic 
means, characterized by: 

. providing a plurality of solar cells (16, 18) with 15 
different effective band gaps; 
partitioning incoming photons (1 0) with at least 
one spectrally selective photon partitioner (14, 
43, 44) into different energy groups corre- 
sponding to said effective band gaps of said so 
solar cells (16, 18); and 

- directing said photon groups onto respective 
solar cells (16, 18) that have a con^esponding 
band gap. 

25 

10. The method of daim 9, characterized in that parti- 
tioning of said incoming photons (10) comprises 
reflecting and transmitting said incoming photons 
(10) from and through said spectrally selective pho- 
ton partitioner (14). respectively. ^ 
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(54) High eflldeny tandem solar cells and operating method 



(57) A photovoltaic device uses a spectrally selec- 
tive photon partitioner such as a reflector (14) to parti- 
tion incoming light (10) which is directed towards 
different solar cells (1 6. 18). depending upon its energy. 
Solar cells (16. 18) having low and high energy band 
gaps are used, in which low energy photons are imaged 
towards that cell (18) having the lower energy band gap, 
whereas high energy photons are imaged towards the 



higher energy band gap cell (1 6). By more directly imag- 
ing photons towards those cells (16. 18) in which they 
are converted to electricity, absorption losses due to 
free can'iers in the semiconductor layers (30, 32, 36. 38) 
are reduced. The spectrally selective photon partitioner 
(14) allows semiconductor layers (30, 32, 36. 38) having 
different lattice spadngs to be optically coupled. 
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